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doi: 10.1016/j.bpj.2010.09.024The importance of cell shape has been demonstrated in
numerous cell events including proliferation (1,2), cell
spreading dynamics (3), and stem cell lineage commitment
(4). Many of these studies have demonstrated a link between
cell shape and cytoskeletal tension, but the mechanism
underlying this link is not well understood (3,5,6). Here
we test the hypothesis that cell shape is a determinant of
local cell traction forces and find compelling results.
Numerous studies have presented models that predict cell-
generated traction forces; these include models based on
biochemical interactions of actin and myosin (7,8), the
curvature of the cell membrane (9,10), and finite element
modeling of sheets of cells (11). However, the simplicity
of the current model is that it uses only cell shape as an
input. This model is based on the assumption that the
network of actin fibers within a cell act as a cohesive struc-
tural unit.
An initial model was developed to predict traction forces
generated by cells on microfabricated post array detectors
(mPADs), which consist of a uniform array of deformable
silicon posts that bend in response to cell contraction and
have previously been used to quantify traction forces gener-
ated by various cell types (6) (discussed further in the Sup-
porting Material). Traction forces can be calculated from the
deflection and stiffness of each post (Fig. 1 A). To model the
contracting cytoskeleton, an array of linear elements was
constructed in a trusslike configuration (Fig. 1 B). Nodes
were placed at the centroid of each mPAD post and linear
elements (green lines) were drawn that connected each
node to all other nodes within the cell, as long as the linear
element did not cross the cell perimeter. Cell perimeters
were determined by binary masks of F-actin immunofluo-
rescence images. Thus, while individual truss elements do
not correspond to a structure within the cell, the assembledtruss of linear elements represents a first-order approxima-
tion of a cohesive cytoskeletal network.
All truss elements were assumed to have a constant
tension per unit length, consistent with the idea of a uniform
contractile state. Components of tensile elements termi-
nating at each node were summed to give a resultant force
vector at each post. Fig. 2 A shows a representative map
of measured mPAD traction force vectors (black arrows)
and predicted traction force vectors (blue arrows). Traction
force maps were predicted for a population of 71 mouse
embryo fibroblast cells (1289 vectors).
Model accuracy was evaluated based on the ability to
predict direction and magnitude of measured traction
vectors. Directional accuracy was assessed by measuring
the angle between the predicted and measured vectors. A
histogram of the directional difference between measured
and predicted vectors shows that a majority differ by
<30 (Fig. 2 B). Magnitude agreement was assessed by
calculating the ratio between predicted and measured vector
magnitude; a ratio of 1.0 indicates complete agreement
between model and experiment. A histogram of these ratios
(Fig. 2 C) shows a peak at ~1.0, with a majority of vectors
having a ratio between 0.6 and 1.4. These data demonstrate
that this truss model can predict traction force vectors with
reasonable accuracy.
The truss model assumes that the cytoskeleton is acting
as a single structure within the cell, and thus the entire
cell shape contributes to the predicted traction force vector.
To confirm this, we constructed a local truss model, in which
FIGURE 3 Expansion of the model from the discrete space of
mPADs to continuous space. (A) Relevant values for prediction
of vectors from cells on mPADs (cell outlined in red, black
circles represent mPAD posts). Ny,i and Nx,i represent the
number of cell-occupied posts in a given row (green) or column
(blue), respectively. (B) In the continuous integral form, Ny,i
and Nx,i are replaced with differential areas dAx,i and dAy,i
respectively.
FIGURE 1 Measurement of traction forces and structure of the
model. (A) Cells were plated onto mPADs, which measured
traction forces at discrete locations based on the deflection of
individual mPAD posts. (B) The constructed truss model with
linear elements shown in green.
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Results from the local truss models performed poorly when
only nearest neighbors were used, and performance
improved as the distance of neighboring posts used in the
truss was increased (see Fig. S1 in the Supporting Material).
Optimal performance was seen when the entire cell was
included.
While the performance of such a simple model may
initially be surprising, analysis of the truss model shows
that it is actually a discretization of the first moment of
area about each mPAD post. The forces at each node in the
truss can be rewritten by breaking down each element into
x- and y components. Thus, the resultant x- and y components
of force at a given node are given by the equations
Fx ¼ m
P
xiNx;i;
Fy ¼ m
P
yiNy;i;
where m is the tension per unit length, xi and yi are the
distances between the node of interest and each column or
row of posts, and Nx,i and Ny,i are the number of posts inFIGURE 2 (A) Prediction of traction force vectors. An overlay of
predicted (blue) and measured (black) traction forces demon-
strates the model performance. Cell outline is shown in red.
(B) Histogram of directional difference between predicted and
measured vectors. (C) Histogram of the ratio between predicted
and measured magnitude.that given column or row that are occupied by posts
(Fig. 3 A). Expansion of this model to continuous space
replaces the above discrete equations with the continuous
integrals
Fx ¼ s
R
xdAx;
Fy ¼ s
R
ydAy;
where s is now the tension per unit area, and dAx and dAy are
the differential areas at each distance x or y from the point of
interest. The integral in this equation is by definition the first
moment of area about the given node. Thus, the model
predicts that forces at the centroid of the cell will be zero,
and that forces away from the cell centroid are directed
toward the centroid, and are proportional to their distance
from the centroid.
To demonstrate the applicability of the first-moment-of-
area (FMA) model to traction forces on continuous
substrates, cell geometries were selected from previously
published works in which traction forces were measured
on continuous substrates. These geometries were then
used as inputs in the FMA model, and traction forces were
predicted (Fig. 4). Each geometry was previously investi-
gated in published studies using deformable continuous
substrates to measure forces. Wang et al. (12) measured
traction forces in Focal Adhesion Kinase-null cells reex-
pressing Focal Adhesion Kinase. These cells showed large
traction forces at the peripheral lamellipodia with smaller
vectors toward the cell interior. Forces in the extended
lamellipodia were directed toward the cell center. The trac-
tion force map predicted by the FMA model shows a similar
pattern of forces (Fig. 4 A). Traction forces were also
measured in endothelial cells plated onto deformable
substrates by Parker et al. (13). These cells were plated
onto square patterns of Type I collagen. Cells spread to fill
the square patterns, and showed large traction forces at the
corners of cells. The traction force map predicted by the
FMA model shows similarly large forces in the cell cornersBiophysical Journal 99(9) L78–L80
FIGURE 4 Predictions of traction forces based on the first
moment of area (FMA) model. Three geometries were selected
from existing literature that measured traction forces on contin-
uous substrates. These geometries were used in the FMAmodel
to predict traction forces: (A) a well-spread fibroblast, (B) an
endothelial cell plated onto patterned substrates, and (C)
a migrating keratocyte. Vectors are colored by relative scale
from blue (smallest) to red (largest).
L80 Biophysical Letters(Fig. 4 B). Fournier et al. (14) used traction force micros-
copy to study forces in migrating keratocytes, and showed
large lateral forces directed toward the cell center, with
smaller forces at the leading and trailing edge, which are
predicted by the FMA model (Fig. 4 C).
The results of the FMAmodel suggest that changes in cell
shape could serve to determine the distribution and relative
magnitudes of cellular traction forces. These predictions do
not require assumptions regarding heterogeneities in cell
stiffness or signaling events; they are entirely based on the
geometry of the cell. This is consistent with the concept
proposed by Cai et al. (15) in which the cytoskeleton func-
tions as a cohesive unit in a myosin-dependent fashion. In
support of this hypothesis, the FMA/Truss model performs
poorly when predicting forces in fibroblasts in which
myosin is inhibited with blebbistatin (see Fig. S2). However,
this cohesive structure is most likely a composite of cortical
actin, actin stress fibers, myosin, intermediate filaments, and
possibly microtubules. It is also important to note that the
model predicts the force at each point within the cell;
however, cell traction force transmission to matrix in situ
is limited to sites of matrix adhesion. Thus, cells may regu-
late traction force patterns by rearranging the topography of
cell-matrix attachment. These data suggest a means by
which cell shape may regulate the magnitude of traction
forces throughout the cell as an additional input that may
be integrated with subcellular differences in signaling and
biomechanics during cell migration and spreading. The
prediction of traction force based on the first moment of
area around any given location in the cell provides novelBiophysical Journal 99(9) L78–L80insights into the contributions of cell size and shape to
traction force at the cell-matrix interface.SUPPORTING MATERIAL
Two figures and a methods section are available at http://www.biophysj.org/
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